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oronary artery disease (CAD) is a life-threatening condition that encompasses systemic atherosclerosis. Many basic-research, epidemiological, and clinical studies have been conducted with the aim of combating atherosclerotic disease. Together with aging, the progression of atherosclerosis leads to an increase in stiffening of the aorta, and in turn an increase in pulse pressure (PP) through a reduction in arterial compliance and increased pulse wave velocity. 1 Therefore, increased PP is considered as a sign of increased arterial stiffness. Elevated PP and decreased arterial compliance are also recognized as risk factors for CAD. 1, 2 Indices of intrarenal vascular resistance calculated from pulsed-wave Doppler velocities, such as pulsatility index (PI) and resistive index (RI), correlate positively with PP and negatively with the carotid hemodynamic pattern in patients with essential hypertension. 3 This pattern was determined by calculating the ratio of diastolic to systolic mean velocity in pulsed Doppler flow recordings of the common carotid artery. The same ratio also showed a significant negative correlation with PP and carotid arterial stiffness. 4 These findings suggest that hemodynamic Doppler flow patterns may reflect not only peripheral vascular resistance but also systemic arterial stiffness.
The ophthalmic artery (OA) is the first major branch of the internal carotid artery and divides into many branches in the orbital area. Doppler imaging of the OA was recently made possible by improvements in Doppler equipment. 5 Changes in OA blood flow assessed on pulsed Doppler (OA Doppler) have provided new insights into various vascular disorders including ophthalmic diseases, carotid artery stenosis, and diabetes mellitus. 5 OA Doppler has particular anatomical advantages due to the absence of ultrasonic obstacles and the vertical angle, which differs from the parallel-signaling of carotid artery Doppler to the transducer. Such findings in the ocular fundus are associated closely with systemic atherosclerosis, with previous reports showing that atherosclerotic changes in retinal arteries are potential markers of systemic cardiovascular disease. 6,7 OA Doppler flow patterns may also reflect the severity of diabetes retinopathy. 8, 9 Fukuda et al showed that the ratio of systolic to diastolic mean velocity in OA Doppler is closely involved in age and the severity of diabetic retinopathy. 10 There is little information on the relationship between OA Doppler flow and systemic atherosclerosis. We hypothesized MARUYOSHI H et al.
that the waveform of OA Doppler flow was associated with arterial compliance. We also verified that OA Doppler was clinically useful for estimating the severity of systemic atherosclerosis including CAD.
Methods

Study Population
We enrolled 180 patients who underwent diagnostic catheterization (106 men, 74 women, mean age 68.7 years, range 46-84 years) at Kumamoto University Hospital. The CAD group consisted of 90 patients who had >75% narrowing of the major coronary arteries on coronary angiography. Revascularized coronary arteries were considered as diseased vessels even if no significant stenoses were documented. The control group, age-matched with the CAD group, consisted of 90 patients who had <25% coronary artery stenosis and who had not undergone coronary intervention. Patients given anti-hypertensive drugs and/or with baseline blood pressure (BP) >140/90 mmHg were classified as hypertensive. Supine systolic and diastolic BPs were measured in the right arm after 10 min of rest just before the evaluation of OA Doppler flow. Stroke volume (SV) was measured by thermodilution with a Swan -Ganz catheter. Arterial compliance was calculated by the formula: arterial compliance = SV/PP. 11 Blood sampling for biochemical assessments was obtained after 12-h fasting. Diabetes mellitus was diagnosed according to World Health Organization criteria. 12 The ankle/brachial pressure index and brachial -ankle pulse wave velocity (baPWV) were measured using an automatic waveform analyzer (form PWV/ABI; Colin, Komaki, Japan) and adopted the rightsided consequence. Exclusion criteria for the study were (1) >50% stenosis in bilateral common or internal carotid artery and/or the presence of audible bruits in the orbital area; (2) atrial fibrillation and/or severe ventricular arrhythmia (≥ Lown grade 2); (3) severe aortic valve regurgitation, severe aortic valve stenosis, and hypertrophic obstructive cardiomyopathy; (4) poor left ventricular contractility (ejection fraction <30%); (5) acute myocardial infarction and unstable angina; (6) ankle/brachial pressure index <0.9; and (7) retinal detachment and uncontrolled glaucoma.
Written informed consent was obtained from each patient and the study was conducted in agreement with the guidelines approved by the ethics committees of Kumamoto University. The investigation also conformed to the principles outlined in the Declaration of Helsinki.
Evaluation of OA Blood Flow Velocity OA Doppler imaging was performed by the same operator, who was an expert in echo ophthalmology and who had no knowledge of clinical characteristics of patients, using the method of Lieb et al. 13 An ultrasound unit (SONOS 5500, Philips, Amsterdam, The Netherlands) with a 1-3-MHz sector transducer was used for this study. After 10 min of rest in the supine position followed by measurement of BP, sterile ophthalmic gel was applied to the closed eyelid, and the probe was positioned gently with minimal pressure. OA was identified as a large caliber adjacent to the optic nerve (Figure 1 Left). The sample volume marker lay approximately 40-50 mm from the eyelid, and the blood flow velocity of OA was assessed with pulsed Doppler. Pulsed Doppler spectral analysis of OA allows the determination of peak systolic velocity, end-diastolic velocity, mean systolic velocity (Sm), mean diastolic velocity (Dm), and mean total velocity (Figure 1 Right). Sm, Dm, and mean total velocity were defined as the mean of the peak frequency envelope that outlines all the frequency peaks in systolic, diastolic, and all phase, respectively. PI and RI, which are classical indices of 
Doppler Flow of Ophthalmic Artery and Atherosclerosis
vascular resistance, 14 were calculated as follows: PI = [(peak systolic velocity -end-diastolic velocity)/mean total velocity], and RI = [(peak systolic velocity -end-diastolic velocity)/peak systolic velocity]. To evaluate the hemodynamics of the OA, we calculated the ratio of systolic to diastolic mean velocity (Sm/Dm). We adopted the consequence of right-sided OA Doppler principally, but we used left-sided OA Doppler measurements if there was a stenotic lesion >50% in the right common or internal carotid arteries.
Carotid Ultrasound
Carotid ultrasound examination was also performed in all patients, using the method described previously, 15 again by the same operator with no knowledge of patient clinical data. The maximum intima -media thickness (IMT) was defined as the greatest axial thickness in IMT at carotid arteries.
Statistical Analysis
Results of normally distributed continuous valuables are expressed as mean ± SD and those for continuous variables with skewed distribution as median (interquartile range). Differences in frequencies were analyzed using chi-square test. Differences in continuous variables between two groups were examined using the unpaired t-test or the Mann -Whitney U-test, as appropriate. Simple linear relationships between key variables were tested using Pearson's correlation coefficient. Because the distribution patterns of triglyceride and high sensitive C-reactive protein (hs-CRP) levels are skewed, logarithmic transformation was used in all regression analyses. Multiple regression analysis was used to evaluate independent factors for SV/PP. Sm/Dm levels among three groups, which were divided according to the number of major coronary artery stenoses, were compared on one-way analysis of variance. When the results were statistically significant, they were analyzed on Scheffé's F test for multiple comparisons. The best cut-off for diagnosing CAD was defined as that yielding the highest sensitivity and specificity. To contrast diagnostic accuracy, a receiver-operating characteristic (ROC) curve was generated using LABROC5, provided by Metz et al. 16 A logistic regression analysis was performed to inves- Values are mean ± SD or median (25 th -75 th percentage range) or n (%). CAD, coronary artery disease; HbA1c, hemoglobin A1c; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; SV/PP, stroke volume/pulse pressure; hs-CRP, high sensitive C-reactive protein; baPWV, brachial-ankle pulse wave velocity; IMT, intima-media thickness; RAS, renin-angiotensin system.
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tigate the relationship between atherosclerotic parameters and the presence of CAD. We performed multivariate analysis as the need arose. P<0.05 was considered statistically significant. Table 1 summarizes the clinical and biochemical characteristics of the 90 patients with CAD and 90 control patients. The CAD group consisted of 30 patients with single-vessel disease and 60 patients with multivessel disease. Fasting blood glucose (FBG), hemoglobin A1c (HbA1c), fibrinogen, creatinine, and hs-CRP levels were significantly higher in the CAD group than the control group, while high-density lipoprotein cholesterol levels were significantly lower in the CAD group compared to the controls. Systolic and diastolic BPs, however, was comparable between the 2 groups. The level of SV/PP, an index of arterial compliance, was also significantly lower in the CAD group than the control group. The prevalence of diabetes mellitus and maximum IMT was significantly higher in the CAD group than the controls.
Results
Patient Characteristics
Correlation Between Arterial Compliance and Clinical
Parameters Including OA Doppler Flow SV/PP correlated significantly with atherosclerotic parameters ( Table 2) ; it correlated negatively with age, fibrinogen, baPWV, maximum IMT, and the presence of hypertension and CAD, and correlated positively with male sex, body mass index, and height. SV/PP did not correlate significantly with lipid parameters, FBG, HbA1c, creatinine, hs-CRP, the presence of diabetes mellitus, or cigarette smoking. Among OA Doppler flow parameters, Sm/Dm correlated strongly with SV/PP. Several parameters that correlated significantly with SV/PP were entered into multiple regression analysis. Among these, Sm/Dm was identified as a significant and independent determinant of SV/PP ( Table 3) . BaPWV did not independently correlate with SV/PP. Table 4 details the OA Doppler flow data of CAD and control patients. The mean Sm/Dm was significantly higher in patients with CAD than in controls, and was higher in patients with multivessel disease (2.6±0.5) than in those with single-vessel disease (2.3±0.3, P=0.002) or no-vessel disease (2.1±0.3, P<0.0001) (Figure 2) . RI and PI (indices of vascular resistance), were also significantly higher in patients with CAD than in controls, while Dm and end-diastolic velocity were significantly lower in patients with CAD compared with control patients. Both right-and left-sided OA Doppler was done in 144 out of 180 patients. There were no significant differences between sides in peak systolic velocity (31±9 vs 30±10 cm/s, P=0.535), end-diastolic velocity (8±3 vs 7±4 cm/s, P=0.225), RI (0.8±0.1 vs 0.8±0.1, P=0.221), PI (1.6±0.3 vs 1.6±0.3, P= 0.378), or Sm/Dm (2.4±0.5 vs 2.4±0.5, P=0.711).
Clinical Value of Sm/Dm on OA Doppler Flow
We also analyzed the relationship between atherosclerotic parameters and Sm/Dm, which is closely involved in arterial compliance and CAD. Sm/Dm correlated positively with age (r=0.39, P<0.0001), PP (r=0.39, P<0.0001), baPWV (r=0.24, Tables 1 and 2 for abbreviations. See Tables 1 and 2 for abbreviations.
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P=0.001), RI (r=0.61, P<0.0001), and PI (r=0.61, P<0.0001). Next, a ROC curve was generated to decide the optimal Sm/Dm cut-off levels for the diagnosis of CAD. The highest sensitivity and specificity were 68% and 73%, respectively, and the best cut-off level of Sm/Dm for CAD was 2.3. The odds ratio for CAD was 6.1 in patients with Sm/Dm levels >2.3 compared to those with levels ≤2.3 without adjustment, and 8.0 after adjustment for the factors associated with CAD ( Table 5) .
Discussion
In this study we found a close relationship between Sm/Dm, a novel hemodynamic parameter in OA, and SV/PP as an index of arterial compliance. There was no independent relationship, however, between SV/PP and pulse wave velocity, which is widely used clinically for measurement of arterial stiffness and to provide prognostic information for cardiovascular events. 17-19 Sm/Dm was significantly higher in proportion to the severity of CAD in the present study group, in that the presence of CAD in patients with an Sm/Dm >2.3 was 8.0-fold higher than in those with an Sm/Dm ≤2.3 after adjustment for CAD-associated factors. OA Doppler is used predominantly for evaluating ocular vascular disease. 5 Recently, novel OA Doppler findings have been used also in the clinic. 5 OA is representative of peripheral arteries and confers anatomical advantages for detecting Doppler flow because of the absence of ultrasonic-positive obstacles such as bones and fat tissues, the good sonolucency of the eyeball, and the near-vertical angle of OA to the transducer. Hemodynamic Doppler flow patterns may reflect peripheral vascular resistance. The technical reproducibility of OA Doppler imaging is well-established in the ophthalmological field with sufficient observer experience. 20, 21 The relationship between OA Doppler findings and systemic atherosclerosis, however, remains unclear.
A major finding of this study was the association of OA Doppler flow with systemic arterial compliance. The precise mechanisms underlying this finding remain unknown, although several potential mechanisms are suggested. First, Sm/Dm may reflect the vascular resistance of OA resulting from atherosclerotic changes in the ocular fundus accompanying systemic atherosclerosis. In the present study we identified Sm/Dm as a new index of OA vascular resistance based on its significant correlation with RI and PI. Second, peripheral circulatory disturbance due to decreased aortic compliance may also increase Sm/Dm levels. Arteries perform not only a conduit function, but also a pooling function for part of the ejective blood flow from the left ventricle, as well as storing part of the SV during systole and draining it during diastole. This 'Windkessel function' transforms the pulsatile flow of central arteries into the steady flow required in peripheral tissues. 22 When arteries stiffen, a greater proportion of the SV is forwarded to the peripheral circulation in systole, therefore elevated PP, caused by the rise in systolic BP and the fall in diastolic BP, is observed. 22 Abnormal OA circulation may therefore lead to increased levels of Sm/Dm because of impaired Windkessel function.
High Sm/Dm levels on OA Doppler could reflect the presence of CAD. The optimal cut-off level of Sm/Dm for predicting CAD was 2.3. Therefore, Sm/Dm is a potentially useful parameter for CAD screening. Peripheral arterial disease is an important manifestation of systemic atherosclerosis and the severity of peripheral arterial disease is closely associated with the risk of CAD. 23 High-grade coronary atherosclerosis is also associated with increased arterial compliance. 24 A recent study showed that the diastolic blood flow pattern in OA Doppler was significantly flattened in diabetic patients with CAD than in those without CAD. 25 This finding may be consistent with the present data. We propose that Sm/Dm levels could predict the severity of CAD because of the close association between Sm/Dm and arterial compliance. ORs compared with Sm/Dm < -2.3 with regard to CAD after non-adjustment and adjustment for independent factors that were closely associated with CAD in a logistic regression analysis (diabetes mellitus, family history of CAD, HDL-C, fibrinogen, SV/PP, creatinine, logarithmically transformed hs-CRP, maximum IMT, RAS blockers and statins). OR, odds ratio; CI, confidence interval. See Tables 1 and 2 for other abbreviations.
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Study Limitation
In the present study we also examined the presence of bilateral common and internal carotid arterial plaques limiting arterial flow using ultrasonography. Arterial stenosis from the distal site of the internal carotid artery to OA, however, could not be confirmed. Laterality, reduced or reversed flow of OA, which suggests ocular ischemic syndrome, 26 28 The severity of diabetic retinopathy is closely linked to the Sm/Dm ratio in OA Doppler flow. 10 Further comparative studies are needed to elucidate the relationship between the findings of ocular fundus and OA Doppler flow that may be highly suggestive of systemic atherosclerosis.
In conclusion, OA Doppler imaging has clinical potential for the evaluation of the severity of CAD. High levels of Sm/Dm seem to reflect diminished arterial compliance caused by systemic atherosclerosis.
